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Abstract

Crinipellis perniciosa causes a serious disease of cacao known as witches’ broom (WB). Heritable resis-
tance to witches’ broom has been used in cacao improvement programs. ‘SCA6’ and ‘SCA12’ are highly
resistant and are the most commonly used parents in the breeding schemes. However, SCA hybrids are
not resistant to witches’ broom in all production areas. Presumably, different populations of C. perniciosa
cause these variable responses. Amplified fragment length polymorphism (AFLP) markers were used to
assess variation and population structure in this pathogen. We examined 40 isolates of C. perniciosa and
one isolate of Melanotus subcuneiformis. Nine of 64 primer pairs produced consistent and informative
DNA amplification, and were used to screen all isolates. Fifteen haplotypes (AFLP fingerprints) were
detected with 186 polymorphic markers. Cluster analysis grouped isolates of the C biotype (pathogenic
on cacao) from Bolivia, Brazil, Ecuador and Trinidad together in a major cluster that was distinct from
isolates of the S biotype (pathogenic on solanaceous hosts) and M. subcuneiformis. Isolates of the C
biotype were divided further into well supported, country-specific groups. Segregation of AFLP alleles
was not observed among basidiospore isolates from the same basidiome, broom, tree or field, supporting
previous reports that the fungus did not outcross. The results corroborated prior conclusions that
C. perniciosa was probably introduced into the Bahia state of Brazil from the Amazon basin. Repre-
sentative isolates from the genetically distinct groups that were revealed will be used to examine path-
ogenic specialization in C. perniciosa and differential responses that have been reported in ‘SCA6’-derived
germplasm.

Introduction

Seeds of cacao (Theobroma cacao), which are
commonly known as beans, are the source of
chocolate and a major export commodity in the
tropics. In 2002, global production was estimated
at more than 2.8 million metric tons (FAO,
2003).

Bean production is threatened by several dis-
eases worldwide (Bowers et al., 2001). In the
western tropics, witches’ broom (WB), caused by

Crinipellis perniciosa is a major constraint that can
reduce production by as much as 75% (Purdy and
Schmidt, 1996). Direct losses of beans occur when
pods are affected and indirect losses result from
flower infections and reduced host vigor. Affected
vegetative tissues become grossly distorted with
reduced internode lengths, misshapen leaves and
swollen or otherwise deformed stems (i.e.,
brooms).

Basidiospores are the only infective propagule
of C. perniciosa (Purdy and Schmidt, 1996). They
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are produced on basidiomes (basidiocarps) that
develop from saprotrophic mycelium in necrotic
host tissue. Soon after infection the pathogen
establishes a biotrophic relationship with its host,
during which the fungus is homokaryotic, inter-
cellular and lacks clamp connections. Gradually,
hyphae become dikaryotic, clamped and sapro-
trophic, and this coincides with the death of host
tissue and the end of the biotrophic phase. The
production of basidiomes on these tissues com-
pletes the disease cycle. Single basidiospores are
capable of inducing symptoms, but multiple
infections of a meristem are thought to be possible.
Crinipellis perniciosa is homomictic (nonoutcross-
ing and primary homothallic) (Griffith and
Hedger, 1994). Thus, multiple infections by
genetically distinct basidiospores could provide an
opportunity for heterokaryosis between biotrophic
hyphae.

Although its origins are still debated, it is
generally believed that cacao evolved in the
western Amazon basin in an area defined by
present-day eastern Ecuador (the Oriente region),
northeastern Peru and southcentral Colombia
(headwaters of the Caqueta and Putumayo Riv-
ers) (Figure 1) (Pound, 1938; Cheesman, 1944;
Motamayor et al., 2002). In the same region,
C. perniciosa is presumed to have co-evolved with

its cacao host (Purdy and Schmidt, 1996; Evans,
2002).

Witches’ broom is now found in Panama,
Trinidad and throughout South America. In the
late 1980s, it appeared in the important cacao-
producing areas in the Bahia state of Brazil,
thereby affecting the last major cacao-producing
region in South America that was free of the dis-
ease. In little more than a decade, the disease
reduced production in Bahia from over 392,000 to
less than 172,000 metric tons. Witches’ broom
would have a devastating impact on production in
West Africa and Southeast Asia were it to spread
to these areas.

Four biotypes of C. perniciosa are recognized
based on host range. The C biotype affects T.
cacao and cacao relatives in the Sterculiaceae, in
particular species of Theobroma and Herrania,
whereas the B, L and S biotypes affect, respec-
tively, Bixa orellana, and plants in the Bignonia-
ceae and Solanaceae (Griffith and Hedger, 1994).
Diverse genetic and phenetic characters have been
used to study isolates of the different biotypes
(McGeary and Wheeler, 1988; Laker, 1989; An-
debrhan and Furtek, 1994; Yamada et al., 1998.
Andebrhan et al., 1999; Arruda et al. 2003a, b;
Rincones et al., 2003).

The outbreak of WB in Bahia in the late 1980s
has been examined in some of the above studies.
With RAPDs, Andebrhan et al. (1999) studied 46
isolates from Bahia (13 counties) and the Amazon
basin (three counties in the states of Amazonas
and Rondônia) in Brazil. Isolates of the C biotype
clustered into two groups, one of which contained
isolates from Bahia and Rondônia, and the other
of which contained isolates from Bahia and
Amazonas. Based on these data, the authors con-
cluded that two different introductions occurred
into Bahia. Recently, Arruda et al. (2003a) dis-
tinguished two populations of the C biotype in
Bahia with ERIC-PCR fingerprints. Although
these clusters were supported by low bootstrap
values (51% and 61%), each contained isolates
from the Amazon region.

Amplified fragment length polymorphism
(AFLP) markers have been used to genetically
characterize plant, nematode, bacterial, and fungal
populations (Majer et al., 1996; Tooley et al.,
2000). AFLPs are thought to be selectively neutral,
are usually inherited in a Mendelian fashion, and

Figure 1. Isolates of Crinipellis perniciosa originated from:

Brazil, (1) Ilheus (CEPEC), Bahia, (2) Itabuna, Bahia, (3)

Camacan, Bahia, (4) Belém, Para, and (5) Rondônia; Bolivia,

(6) Yungas; Ecuador, (7) Pichilingue, and (8) 20 km outside

Pichilingue; and (9) Trinidad. Shaded area approximates the

putative center of origin for Theobroma cacao and C. perniciosa

(see text).

318



are more reproducible between laboratories than
RAPDs (Jones et al., 2002).

Resistance to WB exists in a number of cacao
genotypes (Marita et al., 2001; Queiros et al.,
2003). ‘SCA6’ and ‘SCA12’ are tolerant, in that
they display few or no symptoms after infection.
They have been used extensively in breeding pro-
grams and impart resistance to progeny in Brazil
and Trinidad, but not in Ecuador. The presence in
Ecuador of isolates of C. perniciosa that affect
‘SCA6’ hybrids may explain these results (Wheeler
and Mepsted, 1988).

Witches’ broom resistance is a primary target
for the cacao improvement program at the Na-
tional Germplasm Repository (USDA-ARS) in
Miami. In partnership with the University of
Florida in Homestead, accessions and hybrids in
this program can be screened against isolates of
C. perniciosa from any region. This is not possible
in cacao-producing countries, and allows disease
reactions to be determined against diverse popu-
lations of the pathogen. In this regard, we were
interested in assessing genetic variation and pop-
ulation structure in this pathogen. Genetically
distinct isolates could be used to screen accessions
for resistance, as well as examine pathogenic
diversity in this fungus.

AFLP markers were used to assess genetic
variation in the pathogen. AFLP markers were
also used to examine variation among isolates of
C. perniciosa from single basidiomes, brooms,
trees and fields, since it may shed light on the
epidemiology of WB and whether heterokaryosis,
as suggested by Griffith and Hedger (1994), is
possible.

Materials and methods

Isolates of Crinipellis perniciosa

Thirty-nine isolates of the C biotype of Crinipellis
perniciosa were analyzed (Table 1). Three mass
isolates were obtained from broom material that
RJS collected in the Yungas region in Bolivia, six
isolates from Ecuador were received as mycelial
cultures from Dr. Carmen Suarez-Capello (Insti-
tuto Nacional Autónomo de Investigaciones Ag-
ropecuarias, INIAP, Pichilingue), and two isolates
from Trinidad were collected as basidiospores by
ESJ. The remaining 28 isolates from Brazil were

either recovered from brooms collected by RCP
from two research plots of the Centro de Pesquisas
do Cacau (CEPEC) in Ilheus, or were received as
mycelial cultures from Dr. Roberto Barreto
(University of Viçosa), Dr. Karina Gramacho
(CEPEC), Dr. Edna Luz (CEPEC) and Dr. Alan
Pomella (M&M Mars, Itajuı́pe). Isolates of the S
biotype, TCP 24-1 (recovered from Solanum lipo-
carpum), and of Melanotus subcuneiformis, TCP
54-1 (an agaric recovered from a cacao broom),
were used as outgroups.

Mass hyphal isolates were obtained in Florida
by culturing 2–3 mm3 pieces of tissue from the
interior portions of brooms on a selective medium
that was described by Griffith and Hedger (1994).
The epidermis on brooms was removed and tissue
pieces were excised, surface-disinfested in 70%
ethanol (30 s) and 0.5% NaClO3 (2 min) before
placing them in empty, sterile 9-cm-dia Petri
dishes. Molten medium (48 �C) was then poured
over the pieces and allowed to solidify. After
incubating plates in the dark for 3 weeks at room
temperature (ca. 22 �C), mycelial plugs were
recovered from the margins of colonies and
transferred to V8 agar. V8 agar consisted of
163 ml of V8 juice (Campbell Soup Company,
Camden, NJ, USA) and 3 g of CaCO3 mixed on a
magnetic stirrer for 10 min and centrifuged for
25 min at 1000 g. The supernatant and 20 g of
agar (Becton, Dickson and Co., Sparks, MD,
USA) were diluted with deionized H2O to a final
volume of 1 liter and autoclaved prior to use.

Brooms were induced to form basidiomes by
soaking them for 1 h in a 1% solution of benomyl
(Sigma Chemical Co., St. Louis, MO, USA), and
then hanging them in an illuminated (12:12 diurnal
light) cabinet in which a mister sprayed brooms
with deionized H2O for 1 min every 24 h. Basi-
diospores were harvested by excising the caps of
basidiomes and attaching their top surface to the
inside of a Petri dish lid with petroleum jelly, such
that the gill side was exposed, and suspended
overnight over a beaker of sterile 16% glycerol in
MES buffer, pH 6.1, on a magnetic stirrer (Frias
et al., 1995). Single or multiple basidiospore iso-
lates were recovered by diluting the basidiospore
suspension the following morning with MES buf-
fer and streaking it on V8 agar. Single, germinated
spores were harvested the following day with a
sharpened, sterile spatula under a microscope and
lawns of germinated spores were recovered for
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Table 1. Isolates used in AFLP analyses a

Isolate Haplotypeb Donorc Origin; source/type; original accession

TCP 1 6 EL Brazil; mass mycelial; CAMACAN

TCP 2 10 EL Brazil; mass mycelial; CPILHEUS

TCP 3-1 11 RJS Yungas, Bolivia; mass mycelial, TCP 3 broom; none

TCP 3-2 12 RJS Yungas, Bolivia; mass mycelial, TCP 3 broom; none

TCP 3-3 12 RJS Yungas, Bolivia; mass mycelial, TCP 3 broom; none

TCP 10 5 KG Rondônia, Brazil; mass mycelial; FA 153

TCP 14 8 RB Belém, Para, Brazil; mass mycelial; FA 35

TCP 15 9 KG Brazil; mass mycelial; CSNES 128

TCP 16 6 KG Brazil; mass mycelial; CP28

TCP 18 7 KG Brazil; mass mycelial; CP52

TCP 24-1 15 RB Brazil; single basidiospore from Solanum lipocarpum (= S biotype);

Loberira

TCP 33-1 10 RCP CEPEC, Ilheus, Bahia, Brazil; multiple basidiospores, TCP 33-1

basidiocarp, TCP 33 broom, tree, field 1; none

TCP 33-2 10 RCP CEPEC, Ilheus, Bahia, Brazil; multiple basidiospores, TCP 33-2

basidiocarp, TCP 33 broom; none

TCP 33-3 10 RCP CEPEC, Ilheus, Bahia, Brazil; multiple basidiospores, TCP 33-3

basidiocarp, TCP 33 broom; none

TCP 33-4 10 RCP CEPEC, Ilheus, Bahia, Brazil; multiple basidiospores, TCP 33-4

basidiocarp, TCP 33 broom; none

TCP 41-1 10 RCP CEPEC, Ilheus, Bahia, Brazil; multiple basidiospores, TCP-41-1

basidiocarp, TCP 41 broom, TCP 33 tree; none

TCP 41-2 10 RCP CEPEC, Ilheus, Bahia, Brazil; multiple basidiospores, TCP-41-2

basidiocarp, TCP 41 broom; none

TCP 41-3 10 RCP CEPEC, Ilheus, Bahia, Brazil; multiple basidiospores, TCP-41-3

basidiocarp, TCP 41 broom; none

TCP 41-5 10 RCP CEPEC, Ilheus, Bahia, Brazil; multiple basidiospores, TCP-41-5

basidiocarp, TCP 41 broom; none

TCP 46-1 6 RCP CEPEC, Ilheus, Bahia, Brazil; multiple basidiospores, single basidio-

carp, TCP 46 broom and tree, field 2; none

TCP 46-1-1 6 RCP CEPEC, Ilheus, Bahia, Brazil; single basidiospore, TCP-46-1 basidio-

carp; none

TCP 46-1-2 6 RCP CEPEC, Ilheus, Bahia, Brazil; single basidiospore, TCP-46-1 basidio-

carp; none

TCP 46-1-3 6 RCP CEPEC, Ilheus, Bahia, Brazil; single basidiospore, TCP-46-1 basidio-

carp; none

TCP 46-1-4 6 RCP CEPEC, Ilheus, Bahia, Brazil; single basidiospore, TCP-46-1 basidio-

carp; none

TCP 46-3 6 RCP CEPEC, Ilheus, Bahia, Brazil; single basidiospore, TCP-46-3 basidio-

carp; none

TCP 46-3-1 6 RCP CEPEC, Ilheus, Bahia, Brazil; single basidiospore, TCP-46-3 basidio-

carp; none

TCP 46-3-2 6 RCP CEPEC, Ilheus, Bahia, Brazil; single basidiospore, TCP-46-3 basidio-

carp; none

TCP 46-3-3 6 RCP CEPEC, Ilheus, Bahia, Brazil; single basidiospore, TCP-46-3 basidio-

carp; none

TCP 50-4 6 RCP CEPEC, Ilheus, Bahia, Brazil; multiple basidiospores, single basidio-

carp, TCP 50 broom and tree, field 2; none

TCP 50-4-1 6 RCP CEPEC, Ilheus, Bahia, Brazil; single basidiospore, TCP-50-4 basidio-

carp; none

TCP 50-4-2 6 RCP CEPEC, Ilheus, Bahia, Brazil; single basidiospore, TCP-50-4 basidio-

carp; none

TCP 50-4-4 6 RCP CEPEC, Ilheus, Bahia, Brazil; single basidiospore, TCP-50-4 basidio-

carp; none

TCP 54-1 1 RJS Yungas, Bolivia; mass mycelial, TCP 3 broom, Melanotus subcunei-

formisd
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multispore isolates; both were transferred to V8
agar for future use.

Mycelium production

Mycelial plugs of isolates from actively growing
V8 agar cultures were placed in 50 ml of V8 broth
in 250 ml Erlenmeyer flasks. Flasks were incu-
bated at room temperature on a rotary shaker at
100 rpm. After ca. 1 month, mycelial mats were
harvested, washed three times with distilled water,
and stored at )80 �C until they were lyophilized
prior to DNA extraction (usually within 2 weeks).

DNA extraction

Genomic DNA was extracted from lyophilized
mycelium with a modified CTAB procedure
(Doyle and Doyle, 1990). About 200 mg of
mycelium of each isolate were ground into powder
with 0.5 g of washed sea sand (Fisher Scientific,
Pittsburgh, PA, USA) in liquid nitrogen. The
ground material was placed in 5 ml of extraction
buffer (2% CTAB, 1% PEG-8000, 0.1 M Tris–
HCl (pH 9.5), 0.02 M EDTA, 1.4 M NaCl and
0.2% b-mercaptoethanol). The homogenate was
incubated at 65 �C for 30 min with occasional
mixing, then cooled to room temperature, fol-
lowed by extraction with an equal volume of
chloroform:isoamyl alcohol (24:1), and centri-
fuged for 10 min at 12,000 · g. The supernatant

was transferred to a clean tube. Genomic DNA
was precipitated with an equal volume of isopro-
panol and washed twice with 70% ethanol. After
air drying, the DNA was resuspended in 50 ll of
TE, pH 8.0, and quantified by gel electrophoresis.

AFLP procedure

An AFLP microbial fingerprinting kit (Applied
Biosystems, Foster City, CA, USA) was used, with
slight modifications.. The restriction-ligation
reaction for each sample was conducted at 25 �C
for 16 h, and amplification was in a PTC-100
thermal cycler (MJ Research, Watertown, MA,
USA).

Four isolates of C. perniciosa were used to
screen primers, three of the C biotype (TCP 3-2,
TCP-10 and TCP-14), and one of the S biotype,
TCP-24-1 (Table 1). Sixty-four primer combina-
tions from the AFLP kit were screened. PCR
products were separated individually on an auto-
mated capillary electrophoresis apparatus (ABI
Prism 3100 Genetic Analyzer, Applied Biosys-
tems). Nine of the 64 primer pairs generated easily
resolved products and were selected to characterize
the entire collection (Table 2).

Data analysis

Data files for each sample were created with
GeneScan analysis software (3.1 version, Applied

Table 1. (Continued)

Isolate Haplotype b Donorc Origin; source/type; original accession

TCP 88 4 CSC INIAP, Pichilingue, Ecuador; mass mycelial; 2A

TCP 89 4 CSC INIAP, Pichilingue, Ecuador; mass mycelial; Palma Chavez

TCP 90 4 CSC INIAP, Pichilingue, Ecuador; mass mycelial; 7A pequeno

TCP 91 3 CSC INIAP, Pichilingue, Ecuador; mass mycelial; 7A grande

TCP 94 2 CSC INIAP, Pichilingue, Ecuador; mass mycelial; Iote Herrera

TCP 98 4 CSC 20 km outside Pichilingue, Ecuador; mass mycelial; Mocache 5

TRDC 14 14 EJ Maracas, St Joseph, Trinidad; multiple basidiospores; none

TRDC 74 13 EJ Shabali Tr., Mendez Village, Trinidad; multiple basidiospores; none

a All isolates except TCP 54-1 are of Crinipellis perniciosa.
b Haplotype as determined by AFLP fingerprint.
c Source: RJS = Raymond J. Schnell, USDA-ARS, Miami, FL, USA; CSC = Carmen Suarez-Capello, Instituto Nacional

Autónomo de Investigaciones Agropecuarias (INIAP), Pichilingue, Ecuador; KG = Karina Gramacho, Centro de Pesquisas do

Cacau (CEPEC), Ilheus, Bahia, Brazil; EL = Edna Luz, CEPEC, Ilheus, Bahia, Brazil; RCP = Randy Ploetz, University of Florida,

Homestead, FL, USA; RB = Roberto Barreto, University of Viçosa, Brazil; EJ = Elizabeth Johnson, Cacao Research Unit,

University of the West Indies, Trinidad; AP = Alan Pomella, M&M Mars, Itajuı́pe, Bahia, Brazil.
d Identity as Melanotus subcuneiformis based on LSU DNA sequence data (personal communication: M.C. Aime, USDA ARS

Systematic Botany and Mycology Lab, Beltsville, MD 20705, USA).
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Biosystems) and analyzed using Genotyper soft-
ware (2.1 version, Applied Biosystems) for each
primer pair. Nonoverlapping peaks above a
threshold value of 25 relative fluorescent units
were used. Amplification products of each isolate
were scored for presence (1) or absence (0) of
peaks. Peaks common to all isolates were not in-
cluded in the analysis. A binary character matrix
was used to generate a pairwise similarity matrix
among haplotypes (Nei and Li, 1979). The simi-
larity coefficient was determined as follows:

Sij ¼ 2a=ð2aþ bþ cÞ;

where Sij is the similarity between two individuals i
and j, a is the number of positive peaks shared by
both individuals, b is the number of peaks present
in i and absent in j, and c is the number of peaks
present in j and absent in i. The SAHN clustering
program in NTSYS pc was then used to group the
entries based on similarity coefficients with the
unweighted pair-group method using arithmetic
average (UPGMA) (NTSYS, Exeter Software,
Setauket, NY). A phenetic tree was constructed
and support for the inferred clusters was estimated
using bootstrapping in the program Winboot with
5000 replications (Yap and Nelson, 1996).

An analysis of molecular variance (AMOVA)
(Excoffier et al., 1992) was applied to the poly-
morphic AFLP markers and the variation was
partitioned within and among populations from
each country. Input files for dominant marker data
were prepared using AMOVA-Prep 1.01 (Miller,
1998). The analysis was only performed on isolates
of the C biotype; isolates of M. Subcuneiformis,

TCP 54-1 and the S biotype, TCP 24-1, were ex-
cluded from the analysis.

Results

No variation in haplotype (AFLP fingerprint) was
observed among replicates of the nine selected
primer combinations on four test isolates. Addi-
tionally, the AFLP procedure was repeated for all
isolates, excluding those already duplicated by
multiple, within-broom/basidiocarp extractions
(samples TCP 33, 41, 46 and 50). A total of 498
markers was scored, 186 (37.4%) of which were
polymorphic. The average number of polymorphic
markers per primer pair was 21. 15 haplotypes
were identified.

Single-basidiospore and multiple-spore isolates
from the same basidiocarp had identical haplo-
types (TCP 46-1, 46-3 and 50-4 series; Table 1). In
addition, multispore isolates that were recovered
from the same tree but eight different basidiomes
were also identical (TCP 33 and 41 series; Table 1).
Variation in haplotype was observed between but
not within two experimental plantings at CEPEC
(single- and multiple-basidiospore isolates). Thus,
variation was not observed among isolates from
single basidiomes, brooms, trees and sites at CE-
PEC. However, minimal variation was detected
among three mass isolates from a single broom in
Bolivia: TCP 3-1 produced a 412-bp product with
the EcoRI-AA JOE and MseI-CC primer pair that
was not produced by TCP 3-2 and TCP 3-3.

Genetic similarity coefficients among the 15
haplotypes averaged 0.74, and the similarity coef-
ficient between the S biotype and C biotype iso-
lates was 0.53. Similarities among isolates of the C
biotype from Brazil ranged from 0.83 to 0.99
(mean ¼ 0.88), for those from Ecuador from 0.98
to 0.99, and for those from Trinidad 0.84. The
similarity coefficient between the two Bolivian
haplotypes was 0.99, whereas those between these
and that for an isolate of M. subcuneiformis were,
respectively, 0.41 and 0.42. Average similarity
among isolates of the C biotype was 0.82.

The UPGMA tree clearly separated isolates of
the S biotype and M. subcuneiformis (respectively,
haplotypes 15 and 1) from isolates of the C biotype
(Figure 2). In turn, isolates of the C biotype formed
a single major cluster with four, country-specific
subgroups that contained: six isolates from

Table 2. Selected AFLP primer pairs and the number of

polymorphic peaks and total number of peaks that they

generated

Primer pairs Total number

of peaks

Number of

polymorphic

peaks

EcoRI-AA JOE + MseI-CC 60 36

EcoRI-AA JOE + MseI-CT 64 22

EcoRI-AC FAM + MseI-A 88 9

EcoRI-AC FAM + MseI-CA 59 24

EcoRI-AC FAM+MseI-CG 36 13

EcoRI-AC FAM + MseI-CT 38 30

EcoRI-AG JOE + MseI-CC 45 19

EcoRI-AT NED + MseI-CA 61 18

EcoRI-AC NED + MseI-CG 47 15

Total 498 186
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Ecuador with haplotypes 2–4; three isolates from
Bolivia with haplotypes 11 and 12; 29 isolates from
Brazil with haplotypes 5–10; two isolates from
Trinidad with haplotypes 13 and 14. The Brazilian
isolates could be subdivided further into two dis-
tinct populations that were about 85% similar.
Clusters were supported by bootstrap values
‡69.9%.

AMOVA was used to assess overall variation
within and between populations. Fifty-five percent
of the total genetic diversity was partitioned among
populations whereas 45% was within populations.
About 70.2% of the within-population variation
was observed for the Brazilian isolates, which may

reflect the relatively large sample size from this
country; variation for isolates from Bolivia, Ecua-
dor and Trinidad was far lower, respectively, 0.7%,
9.7% and 19.6% (Table 3). Based on a pairwise
Bartlett test with 1000 iterations, distances between
populations were significantly different
(P > 0.0001) (data not shown).

Discussion

AFLPs were useful for examining population
structure in C. perniciosa and for discriminating
isolates of this important pathogen. AFLP markers

Figure 2. UPGMA-based dendrogram for 15 haplotypes that were generated with 186 AFLP markers. The numerical scale indicates

the degree of similarity among haplotypes. Bootstrap values are based on 5000 replications.

Table 3. Analysis of molecular variance (AMOVA) for 13 haplotypes for the C biotype of Crinipellis perniciosaa

Level of variation Df SSq MSq Variance % %b Pc

Among populations 3 119.500 39.833 10.534 55.34 <0.001

Within populations 9 76.500 8.500 8.500 44.66 <0.001

Bolivia 1 0.500 0.500 0.65

Ecuador 2 7.333 3.665 9.68

Brazil 5 53.667 10.733 70.15

Trinidad 1 15.000 15.000 19.61

Total 12 196.000

a The analysis is based on AFLP phenotypes consisting of 186 peaks amplified with nine selective primer sets.
b % of within-population SSq contributed by each population.
c Levels of significance are based on 1000 random permutations.
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revealed substantial variation among isolates of
the C biotype, but remarkable similarity among
isolates from the same geographical region. Dis-
tinct populations of the C biotype are clearly
established in Bolivia, Brazil, Ecuador and Trini-
dad.

Isolates from regions that were not represented
in this study should be used in future work on
genetic and pathogenic diversity in C. perniciosa.
Those from cacao’s putative center of origin would
be of special interest. If the commonly held
assumption that this pathogen co-evolved with T.
cacao in this region is correct, substantial progress
could be made in the improvement of this crop
with materials from this region. Presumably, cacao
germplasm that resists populations of C. perniciosa
from this region also would perform well in other
locations that are affected by WB.

Cacao progeny derived from two ‘Scavina’
clones, ‘SCA6’ and ‘SCA12’, are resistant to WB
in Brazil and Trinidad, but not in Ecuador.
Wheeler and Mepsted (1988) distinguished two
groups of C. perniciosa based on their virulence on
‘SCA6’-derived seedlings. Isolates in group A were
from Bolivia, Colombia and Ecuador and caused
severe symptoms on these seedlings, whereas those
in group B from Brazil, Trinidad and Venezuela
did not.

In the present study, genetically distinct popu-
lations were identified in Bolivia, Brazil, Ecuador
and Trinidad (Figure 2). Whether pathogenic
specialization occurs among these populations
should be determined, since it would shed light on
the results of Wheeler and Mepsted (1988) and on
racial specialization in this pathogen. Phenetic or
genetic markers that correlate with disease re-
sponse would be most useful in cacao breeding
programs (McGeary and Wheeler, 1988).

The level of discrimination and reproducibility
that was observed for AFLP markers in the pres-
ent study suggest that they may be suited for this
purpose. We are currently testing the pathogenic-
ity of representative isolates from the above pop-
ulations on cacao, and have begun to import and
propagate clonal lines of cacao for use as differ-
entials, some of which have sources of resistance
other than the ‘Scavina’ clones.

Andebrhan et al. (1999) used RAPD markers to
identify two populations of C. perniciosa in Bahia,
and to suggest that two introductions of C. per-
niciosa were responsible for the outbreak of wit-

ches’ broom in that state of Brazil in the late
1980s. Their study included four isolates from the
state of Rondônia (Ariquemes and Ouro Preto)
and a single isolate from the state of Amazonas
(Manaus). Isolates from Rondônia and Amazonas
clustered separately within the two Bahian popu-
lations (similarity coefficients of 0.91–0.92 and
0.88).

Recently, Arruda (2003a) used ERIC-PCR
markers to examine isolates from a wider area in
Brazil, including the states of Amazonas, Bahia,
Mato Grosso, Minais Gerais, Para and Rondônia.
Similarities in ERIC fingerprints among isolates of
the C biotype ranged from 69% to 100%, and
there was clear separation among the isolates
based on geographic origin. Two populations were
distinguished in Bahia, each of which contained
isolates from the Amazon basin [either Amazonas
(Manaus) or Para (Belém)].

Results from the present study confirm the
relationship of isolates of the C biotype from Ba-
hia to those found in the Amazon region. An
isolate from Rondônia, TCP 10 (haplotype 5),
nested with 16 isolates from Bahia (haplotypes 6
and 7, similarity coefficients of 0.94 and 0.95),
whereas another isolate from Para (Belém), TCP
14 (haplotype 8), nested with a second group of 10
isolates from Bahia (haplotypes 9 and 10, simi-
larity coefficients of 0.90 and 0.91) (Table 1).

The Trans-Amazonian highway stretches from
Rondônia in the west to Para in the east. Upon its
completion in the 1970s, there was a rapid influx of
farmers into the newly opened frontier. Cacao was
promoted as a crop for the new colonists. This
caused considerable anxiety among cacao pro-
ducers in Bahia since increased cacao production
in the Amazon basin would increase the likelihood
that witches’ broom would spread to Bahia
(Evans, 2002). Obviously, these misgivings were
warranted. To date, the available evidence sup-
ports the hypothesis that the outbreak of WB in
Bahia was caused by populations of C. perniciosa
from the Amazon basin (Andebrhan et al., 1999;
Arruda et al. 2003a; this study).

With one exception, variation was not observed
among isolates from single basidiomes, brooms,
trees and sites. Although variation was observed
among three mass isolates from a single broom
from Bolivia (TCP 3 series), it is not clear whether
the single difference that was observed indicates
that two individuals infected this broom. A more
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likely scenario may be that we detected a mutation
in the original infecting strain (TCP 3-1, 3-2 and 3-
3 were identical at 185 of 186 restriction sites).
Thus, it is still not clear whether heterokaryosis in
C. perniciosa, as was proposed by Griffith and
Hedger (1994), could result from infections by
genetically distinct individuals.
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